Legumes play an important role in ensuring food security, improving nutrition and enhancing ecosystem resilience. Chickpea is globally an important grain legume adapted to semi-arid regions under rainfed conditions. A growing body of research shows that aldehyde dehydrogenases (ALDHs) is a gene class with promising potential for plant adaptation improvement. Aldehyde dehydrogenases constitute a superfamily of proteins with important functions as 'aldehyde scavengers' by detoxifying aldehydes molecules and thus playing important roles in stress responses. We performed a comprehensive study of the ALDH superfamily in the chickpea genome and identified 27 unique ALDH loci. Most chickpea ALDHs originated from duplication events and ALDH3 gene family was noticeably expanded. Based on the physical locations of genes and sequence similarities, our results suggest that segmental duplication has been a major driving force in the expansion of the ALDH family. Supported by expression data, the findings of this study offer new potential target genes for improving stress tolerance in chickpea that will be useful for the breeding program.
Introduction
Aldehyde molecules are common intermediates of a number of catabolic and biosynthetic pathways that are produced in response to biotic and abiotic environmental stresses. Although aldehydes are indispensable to developmental and growth processes, excessive amounts of aldehydes interfere with metabolism becoming toxic, so their unbalanced levels must be regulated within the cells (Bartels, 2001; Jakoby and Ziegler, 1990) . The aldehyde dehydrogenase (ALDH) superfamily is a group of NAD(P)+-dependent enzymes that catalyze the irreversible oxidation of a wide range of reactive aldehydes to their corresponding carboxylic acids (Lindahl, 1992; Yoshiba et al., 1997) . In addition, under conditions inducing oxidative stress, ALDH enzymes act as 'aldehyde scavengers' by metabolizing reactive aldehydes derived as lipid peroxidation-derived aldehydes, which are potentially toxic due to their extreme reactivity with the nucleophilic compounds such as nucleic acids, proteins and membrane lipids (Rodrigues et al., 2006; Yoshida et al., 1998) .
However, ALDH activity may also serve to fine-tune gene activation since ALDHs may modulate signalling by lipid peroxidation-derived bioactive aldehydes (Missihoun and Kotchoni, 2018) .
Interestingly, ALDHs are found throughout all taxa including both prokaryotes and eukaryotes, where many ALDH families are highly conserved among animals and plants (Brocker et al., 2013) . To date, ALDHs have been identified and categorized into 24 separate families based on protein sequence identity as main criteria (Black and Vasiliou, 2009 ), but also by their functionality (Jimenez-Lopez, 2016; Jimenez-Lopez et al., 2016) . Since the first identified plant ALDH gene rf2, which encodes a mitochondrial class-2 ALDH, was reported to function as male fertility restorer (RF) protein of maize (Skibbe et al., 2002) , and many others ALDH were classified as RF afterward , a number of studies have demonstrated that ALDH genes are involved in diverse pathways and appear to play crucial roles in molecular detoxification, as well as growth and development Kotchoni et al., 2012; Shin et al., 2009 ). In addition, many of the plant ALDH genes characterized to date are induced under wide range of abiotic stresses such as drought, cold, high salinity, and heavy metals highlighting their potential role in improving stress tolerance/ environmental adaptation (Bartels, 2001; Gao and Han, 2009; Kirch et al., 2005; Xu et al., 2013 ).
The identification of ALDH genes in different crop species has soared in recent times due to the increasing numbers of plant species that have been sequenced. Among the plant species containing 14 distinct ALDH families, the ALDH11, 12, 19, 21, 22, 23, and 24 are distinguished unique in the Plantae kingdom. The single gene of the ALDH19 family reported so far, encodes a gamma-glutamyl phosphate reductase involved in proline biosynthesis (García-Ríos et al., 1997) ; and no other higher plant has been found containing this family.
Chickpea (Cicer arietinum L.) is globally the second most important grain legume (FAOSTAT, 2018) . Although the yield potential has increased over the last years, the global production is constrained by several major abiotic (drought, heat, high salinity) and biotic stressors such as the fungal diseases Fusarium wilt, and Ascochyta blight, which may cause 100% loss in yield when conditions are favourable for infection (Li et al., 2015; Millán et al., 2015) . Until recently, lack of information on legume genomes traditionally restricted the survey of gene functionalities in response to the environment or stress, which may be valuable to be implemented in breeding programs for chickpea yield improvement under climate change immediate adaptation. Fortunately, the genome sequence of chickpea has become available in the last few years providing an unprecedented resource that can be exploited in numerous ways (Jain et al., 2013; Varshney et al., 2013) .
In the present study, we identified 27 ALDH loci in the chickpea genome encoding a total number of 45 proteins that contained the complete ALDH domain and belonged to 10 different ALDH families. We performed a comprehensive functional comparison of the chickpea ALDH superfamily to other sequenced plant species, through phylogenetic and synteny analyses, the study of their expression profiles in response to various types of stress, and structure-functional analysis. Results from this study provide functional targets with yield improvement potential for the chickpea breeding program, as well as the basis for further comparative genomic analysis and a framework to study the ALDH genes evolution on a large timescale within the legume family.
Materials and methods

Database searches and annotation of ALDH genes
Comprehensive identification of C. arietinum ALDH gene family members was achieved using Arabidopsis thaliana, Glycine max, and Medicago truncatula ALDH proteins. A keyword-based search was carried out against the databases of the National Center for Biotechnology Information (NCBI) to extract 136 A. thaliana, and 55 G. max ALDHs. In addition, 36 M. truncatula ALDHs were downloaded from the Phytozome v12.1 database (https://phytozome.jgi.doe.gov). All these sequences were used as queries in BLASTP searches (Altschul et al., 1990) to identify the corresponding ALDH members in the chickpea proteome using a cut-off of query coverage ≥ 25%, E-value ≥ 1e-25, and identity ≥ 25%. The Pfam domain PF00171 (ALDH family), PS00070 (ALDH cysteine active site), PS00687 (ALDH glutamic acid active site), and the accession 'cl11961' were queried against the Pfam (https://pfam.xfam.org/), and the CDD (https://www.ncbi.nlm.nih.gov/cdd/) databases to confirm the candidate sequences as ALDH proteins. For exhaustive identification of divergent members, we used the chickpea sequences as queries in BLASTP searches against the chickpea proteome. These steps enabled us to obtain 45 unique ALDH protein sequences. Using one gene model per locus, we identified 27 C. arietinum non-redundant ALDH genes (CaALDH). Information on chromosomal location, locus ID, amino acid length, molecular weight, and number of exons was retrieved from the NCBI using the refseqR package (Die, 2018) . The ExPASy proteomics server database (https://www.expasy.org/) was used to predict the theoretical isoelectric point (pI) of each ALDH protein, as well as the molecular weights (MW) of the deduced proteins without that record in the NCBI. For subcellular localization predictions and active site assessment, we used DeepLoc 1.0 (Almagro Armenteros et al., 2017), SLP-Local (Matsuda et al., 2005) , SMART, ChloroP 1.1 (Emanuelsson et al., 1999) , Mitoprot (Claros and Vincens, 1996) , PROSITE and PROPSEARCH databases (Hobohm and Sander, 1995) . Putative ALDHs were further annotated on the basis of the ALDH Gene Nomenclature Committee (AGNC) annotation criteria (Vasiliou et al., 1999) . Briefly, amino acid sequences that shared > 40% identity to previously identified ALDH sequences were considered to comprise a family; those exhibiting > 60% identity comprise a protein subfamily, while sequences with < 40% identity are considered to be a new family.
Syntenic blocks and gene duplication analysis
Syntenic blocks between chickpea and Medicago truncatula genomes, were downloaded from the Plant Genome Duplication Database (Lee et al., 2013) . Those containing CaALDH genes were identified and analyzed. Duplicated genes were labelled as 'duplicated genes' according to the criteria defined by (Tan and Wu, 2012) : (1) the alignment covered >70% of the longer gene; (2) the aligned region had an identity of >70%. Coverage and identity values were obtained by BLAST searches of all the predicted CDS against each other. Tandem duplicated genes were defined as those closely related in the same family and clustered together within a sliding window size < 250 kb (Ameline-Torregrosa et al., 2008) . The Circoletto tool was used to plot sequence similarity (Darzentas, 2010) .
Phylogenetic analysis of ALDH gene families
To carry out the phylogenetic analysis, the alignments of the deduced amino acid ALDH protein sequences from Arabidopsis (Kirch et al., 2004) , soybean (Kotchoni et al., 2012) , maize and chickpea were performed using the ClustalW program as implemented in the Molecular Evolutionary Genetics Analysis software (MEGA) version 6 with default options (Tamura et al., 2013) . The alignments were created using the Gonnet protein weight matrix. Sequences < 250 aa were eliminated from the matrix because short sequences interfered with a fine alignment. A total of 79 proteins were finally used to build the ALDH phylogeny of chickpea. The phylogenetic tree was constructed using the Neighbor-Joining method implemented in MEGA and the reliability of the interior nodes was assessed using 500 bootstrap replicates.
In silico expression analysis
The coding sequences of ALDH genes were used to query the NCBI chickpea ESTs.
Searching parameters were set as follows: blast algorithm megablast, identity > 95%, query coverage > 25% and E-values < 10 -20 . Next, the full-length CDS of the ALDH genes were employed to query the NCBI Sequence Read Archive (SRA) database (https:// www.ncbi.nlm.nih.gov/sra). For assessment of ALDHs expression support in response to the fungus Fusarium oxysporum, we selected two libraries constructed from infected root samples of resistant (WR315) chickpea plants after 48 hours post-inoculation (SRX535351), and control samples of resistant (WR315) chickpea plants (SRX535349) using Magic-BLAST as the mapper (Boratyn et al., 2019) . The searching parameters were implemented as follows: only one read per hit was counted, length reads were equivalent to 100 bp, and the identity > 99%. Normalized counts of hits were performed using public scripts to quantify the expression of transcripts from datasets (https://github.com/NCBI-Hackathons/ SimpleGeneExpression).
ALDH proteins modelling and structural features analysis
The ALDH protein sequences NCBI: XP_0045024851, XP_004502482, and XP_004498346
were used for searching the best structural templates in the Protein Data Bank (PDB (Richardson et al., 2003) . Finally, the electrostatic Poisson-Boltzmann (PB) potentials for all the structures were calculated using APBS molecular modelling software (DeLano Scientific LLC) implemented in PyMOL 0.99 (www.pymol.org) to define potential functional and interaction areas/clusters in the proteins. Potential values are given in units of kT per unit charge (k Boltzmann's constant; T temperature).
Results and Discussion
ALDH gene families in the chickpea genome
We identified 27 unique ALDH gene sequences from the chickpea genome through database and bioinformatics searches. Information on the 27 chickpea sequences (name, locus ID, length, location on chromosome and features about the deduced peptide) is listed in Table 1 .
The exon number of the CaALDH genes ranged from 5 (NCBI: LOC101502106) to 21 (LOC101490622 and LOC101512568). The sizes of the deduced proteins varied markedly from 134 (LOC101502106) to 759 (LOC101512568) amino acids. The corresponding molecular weights varied from 15.07 to 82.38 kDa and the predicted isoelectric points (pIs) varied broadly from 4.34 to 9.49. As exhibited in other plant species, the wide range of pIs suggests that the chickpea ALDH proteins can work in various different subcellular environments, which is in accordance with the subcellular localization predicted for the sequences revealing that 44.4% (12 out 27) of CaALDHs can be localized to the cytoplasm (Supplementary Table 1 ). All 27 ALDH proteins contain a conserved ALDH domain (Pfam: PF00171) of variable length, which is a basic feature of ALDH families. The classification of protein families was made according to the criteria established by the ALDH Gene Nomenclature Committee (AGNC), namely the protein root symbol (ALDH) was followed by a family description number (1, 2, 3, etc.), a subfamily descriptor (A, B, C, etc.) and the individual gene number. As we used one gene model per locus, we did not include an extra lowercase letter to designate the number of variant. Thus, using the AGCN criteria, the ALDH proteins from chickpea fall into 10 families based on their sequence identities ( Fig. 1) .
These families are also present in other vascular plants, suggesting that these 10 families may have evolved before the divergence of magnoliophyta and pteridophyta. Six chickpea families are represented by a single gene (ALDH5, ALDH6, ALDH7, ALDH11, ALDH12 and ALDH22), whereas the remaining four families contain multiple members (ALDH2, ALDH3, ALDH10 and ALDH18 to Gossypium spp. He et al., 2014) , or Oryza sativa , the four sequences of the chickpea ALDH18 family contain an AA-kinase domain, which is not found in other families, and lack the two other conserved sites (PS00687 and PS00070; Supplementary Table 1 ). (Prochnik et al., 2010) ; C, (Tian et al., 2015) ; D, (Kirch et al., 2004) ; E, (Hou and Bartels, 2015) ; F, (Li et al., 2013) ; G, (Kotchoni et al., 2012) ; H, (Jimenez-Lopez, 2016); I, ; J, (Gao and Han, 2009 ); K, (Chen et al., 2014) ; L, (Brocker et al., 2013) ; M, (He et al., 2014; Jimenez-Lopez et al., 2010) ; O, (He et al., 2014; Zhang et al., 2012) ; P, (L. . Symbols + and − represent presence or absence, respectively. Finally, we mapped ALDH genes into chromosomes in order to gain an insight into the genome organization. Based on the available C. arietinum genome assembly, 23 out of the 27
CaALDH genes were distributed among seven of the eight chromosomes. We could not map LOC101502106, LOC101497514, LOC101488602 (members of ALDH3 subfamily), and LOC105852801 (ALDH18B4). The other 23 ALDH genes were unevenly distributed through the chickpea genome. Two chromosomes contained the highest number with six ALDH genes (chromosome 6 and 7), whereas chromosome 3 and 4 contained one ALDH gene, respectively. Chromosome 8, which is the shortest in the chickpea genome, contained two ALDH genes (LOC101513875 and LOC101514219). No ALDH gene could be found in the chromosome 2 (Fig. 2) . 
Evolutionary relationships of ALDH gene families between chickpea and Medicago truncatula
In order to explore the evolution of the CaALDH genes, we compared the syntenic blocks of the chickpea and the model legume Medicago truncatula genomes. In previous studies, synteny analyses have revealed extensive conservation and good collinearity between both legumes (Gupta et al., 2017; Parween et al., 2015) . In the current study, we identified large-scale synteny blocks containing orthologues from six ALDH families (ALDH6, ALDH7, ALDH11, ALDH12, ALDH18, and ALDH22), including 8 CaALDH genes from chickpea and 8 ALDH genes from Medicago (Supplementary Table 2 ). Five pairs of orthologous genes appeared to be single chickpea-to-Medicago ALDH gene correspondences. It is likely that these genes/families derived from a common ancestor of chickpea and Medicago conserved during evolution. Furthermore, we also found instances of a single chickpea gene corresponded to multiple Medicago genes, in addition to several chickpea duplications corresponded to a single Medicago gene. The remaining four chickpea families (ALDH2, ALDH3, ALDH5, and ALDH10) could not be mapped to any syntenic block.
Phylogenetic analysis of chickpea ALDH genes
To study the evolutionary relationship of the ALDH gene superfamily among different species, a phylogenetic tree was generated with full-length of 79 well-characterized ALDH proteins from Arabidopsis, Glycine max and Zea mays (Fig. 3) . The result was consistent with previous findings (Chen et al., 2014; Guo et al., 2017; Jiang et al., 2019) , and showed that different family proteins in the same species did not clustered together. However, it grouped the same family proteins of different species, and every cluster containing both, monocotyledon and dicotyledon ALDH gene members. The ALDH19 family is not included here as our analyses did not incorporate any sequence from tomato (Li et al., 2013) . The phylogenetic tree indicates that most of the ALDH families represent a common plant ALDH core (ALDH2, ALDH3, ALDH5, ALDH6, ALDH10, ALDH11, ALDH22). The ALDH18 family is the most phylogenetically distant group related to the remaining families, indicating that these proteins had the greatest degree of sequence divergence from the other ALDH families and did not contain the conserved ALDH active sites (Brocker et al., 2013) . The majority of CaALDHs grouped more closely related to soybean than to Arabidopsis or maize, which is consistent with the evolutionary relationships among the four species. It is worth mentioning that families ALDH5, ALDH6 and ALDH12, all of them represented by only one chickpea sequence, grouped with ALDH proteins from Arabidopsis and maize, but the clusters did not contain any soybean sequence (Fig. 1) . These sequences likely were independently lost in the soybean genome. On the contrary, the cluster grouping family ALDH7, represented by only one chickpea member, contained four soybean sequences. In this case, the soybean genome most likely increased this ALDH family by duplication events. It is clear that cluster with family ALDH3 was mostly made because of the remarkable expansion of this family in the chickpea genome. In Arabidopsis, the expression of class3 ALDHs is induced by environmental stresses such as drought, salinity, ABA exposure, heavy metals and pesticides (Kirch et al., 2005; Kotchoni et al., 2006; Missihoun et al., 2011; Stiti et al., 2011) . The notable expansion of the CaALDH3 gene families compared with other plant species suggests that these ALDH genes may be essential for chickpea to cope with environmental stresses.
ALDH expansion: gene duplications
The expansion of gene families is based on gene duplications, which in turn, mainly rely on segmental and tandem duplications (Cannon et al., 2004) . Based on a comprehensive analysis of chromosomal locations and sequence similarities, 59.3% in 16 out of 27 ALDH sequences, ALDH genes appear to be associated with either local duplication events or duplications to unlinked loci (Fig. 4 ). There is no support for tandemly duplicated ALDH genes in the genome of Chinese cabbage (Jiang et al., 2019) , however tandem duplications have been shown to occur in the ALDH family of grapes, apples, and soybeans (Li et al., 2013; W. Wang et al., 2017; Zhang et al., 2012) , as well as the monocot species rice and millet (Chen et al., 2014; Gao and Han, 2009) . Chickpea ALDH genes mapped on the same chromosomes are candidates to have undergone local gene duplications. We found two genes on chromosome 5 (LOC101510937, LOC101511680) and two genes on chromosome 8 (LOC101513875, LOC101514219) that met the criteria to form a cluster as described in subsection 2.2. These two pair of genes are separated by <10 kb, respectively. The other duplicated genes (75% duplications) are located on different chromosomes, suggesting that segmental duplications played a major role in the expansion of the ALDH gene family in chickpea. Fig. 4 . Gene duplications. Similarity of ALDH genes. Red colour shows the highest similarity (> 95% identity), followed by orange (90-95%) and green (80-90%) colours.
Expression profiles of CaALDH genes
In order to gain an insight into the functional roles of the ALDH genes, we analyzed their expression patterns in different tissues using available EST datasets (EST, 2017) . Considering the stringent criterion described in subsection 2.4., 11 ALDH genes had expression support (26 ESTs).
One ALDH gene (LOC101506136) hit 8 ESTs, whereas LOC101510843 and LOC101490310 hit four and three ESTs, respectively ( Supplementary Table 3 ). Regarding the plant tissues, root tissue was the most common hit (18 hits) followed by leaves (5 hits). The experimental conditions of these libraries suggest a role in a variety of environmental responses by the ALDH superfamily. Most of the libraries were constructed in response to drought stress (14 hits) but we also found ESTs from libraries in responses to insect attack, Cd toxicity, and response to thidiazuron, a synthetic plant regulator of morphogenetic processes that induces the expression of stress-related genes (Dewir et al., 2018; Zhang et al., 2006) . Interestingly, 5 ESTs were found in specific subtracted cDNA libraries from infected roots with the soil-borne fungus Fusarium oxysporum, which is a serious threat to chickpea production. Based on this finding, we aimed to gain an insight into the role of the ALDHs in the Fusarium wilt resistance by using Magic-BLAST, a novel tool allowing the mapping of large next-generation sequencing runs against a reference database (Boratyn et al., 2019) . From publicly available transcriptome datasets, we selected two libraries constructed with the chickpea genotype WR315, as this genotype is commonly used as a parental line in the breeding program.
Some sequences showed extremely low ALDH count numbers, suggesting that they are expressed at very low levels in root tissues (LOC101497113, LOC101491914, and LOC101511819). Overall, the ALDH counts are highly correlated between non-inoculated and inoculated plants (R = 0.91).
However, two genes were more abundant in a given condition: LOC101510843 (CaALDH11A3) was over-represented in roots of control plants, while LOC101510937 (CaALDH3H2) showed a larger count numbers in inoculated plants (Fig. 5) . The ALDH11 family has a crucial function in the generation of NADPH, which is the main source for mannitol biosynthesis in many plant species (Plaxton, 1996) . The duplication of ALDH11 genes in tomato has been related to an increase in sugar production . On the other hand, the phylogenetic tree showed that the chickpea ALDH3H2 is closely related to the Arabidopsis ALDH3H1 (AT1G44170, NP_175081), which is a protein localized in the cytoplasm involved in responses to desiccation, response to abscisic acid stimulus, and induced at high salt concentrations (Hou and Bartels, 2015) . Interestingly, LOC101515558 and LOC101511680
(ALDH3H3 and ALDH3H4, respectively), which are duplicated with LOC101510937 (Fig. 4) show a different expression pattern, as they are not differentially abundant in any condition. This result suggests that CaALDH3H2 and the duplicated sequences CaALDH3H3, and CaALDH3H4 are probably regulated in different ways. The remarkable expansion of the ALDH3 family in chickpea may have evolved as a consequence of functional specialization. LOC101510937 is a particularly valid candidate for further experimental validation.
3.6. Structure-based functional analysis of selected members of the ALDH3 family Crystallographic structures of particular ALDH proteins have greatly facilitate the correlative study between structure and functionality of many ALDH in different organisms Kotchoni et al., 2010) . To the best of our knowledge, structure-functional characterization and 3D comparative analysis of different members of the ALDH protein superfamily have been only performed in few organisms such as rice , Through computational homology modelling, we could uncover the characteristics 2D and 3D structure features for the catalytic active sites and the NAD(P) + -binding clefts of representative members of the ALDH3 family ( Fig. 6 ). We addressed an accurate structural assessment of the models by comparative analysis with their best templates (PDBs accession numbers 1ad3, 5nno, 5ucd, and 4qgk, respectively). The stereo-chemical and energy minimization parameters displaying the following data: the analysis of the best templates showed z-value (normalized QMEAN4 scores) of -0.1, 0.23, 1.16 and 0.66 for the Q-mean parameter (estimating the model reliability ranging between 0 and 1, respectively, and 0.94, 0.35, and 0.22 for ALDH3 models sequences XP_004502485, XP_004502482, and XP_004498346, respectively. These z-scores are within good values expected for these models in comparison to the best templates used for building the structures. An additional parameter to check the overall quality of the structures, ProSA, showed a z-score of −9. 53, and, in allowed regions, 0.3, 0.2, 0.2 and 0.2 in generally allowed regions; 0, 0, 0 and 0% for the four templates in disallowed regions. The same values for the ALDH3 models were 94, 5, 0.6, and 0.4%; 93.6, 4.7, 1.6, and 0.1%; and 96.7, 2.5, 0.8, 0% from the sequences XP_004502485, XP_004502482, and XP_004498346, respectively, finding even more residues located in favourable regions, less residues in allowed regions, and a similar situation in generally allowed and nonfavourable regions.
Based on all the above parameters, we confirmed the accuracy and reliability of the structural models built for the ALDH3 sequences on the basis of their crystallographic templates. Therefore, the protein models could be used for further structure-functional analyses, which revealed important differences. Specifically, the structure of the oligomerization region, where 2D (ɑ-helices and βsheets) number, curvature angle, and length, as well as folding characteristics were prominent.
Although the overall topology of the ALDH surface structures were comparable among the sequences, XP_004498346 exhibited loop bigger than the other structures, whereas its coenzyme binding region seems to be narrower and less open to the surface (Fig. 6A ). Since the oligomerization domain seems to be a main feature differentiating the three protein models, this may highlight differential functionality since some ALDH are only active as a dimer (Keller et al., 2014 (Keller et al., , 2010 . The comparison of the represented cartoon 2D elements between the three models by superimposition of the three ALDH3 structures is shown in Fig. 6B . We found some differences between the coils structures, particularly in the oligomerization domain, and the N-terminal region, which is longer in XP_004498346. This particular feature may confer protection from the solvent surface, thus smaller macromolecules would be more accessible to the co-enzyme and catalytic domains.
The analysis of the surface distribution of charges showed a comparable pattern between XP_004502485, and XP_004502482, whereas the electrostatic potential in XP_004498346 was dominated by positive charges along catalytic and oligomerization domains (Fig. 6C ). We can hypothesize that the pattern of charges distribution may indicate differences in the possible functional mechanism and/or interaction with other proteins and subcellular localization leading to differential functional activities. Particular characteristics of binding clefts exhibit certain degree of conformational flexibility for cofactors highlighting functional dynamic preference for the oxidized or reduced NADH/NAD + (Jimenez-Lopez, 2016; Jimenez-Lopez et al., 2016 , 2010 . In our study, the analysis shows residues included in the catalytic cleft (substrate and cofactor binding sites) with conserved basic amino acid N residue in different positions and located in the opposite side of the NAD + ring, and other conserved C residues (Fig. 7) . These residues may be involved in the enzymatic mechanism of the ALDH, with the characteristic nucleophilic attack and proton abstraction from the C residue during the course of the reaction, and with influence in the thiol extraction step during the catalysis reaction by ALDHs (Perez-Miller and Hurley, 2003) . The alignment of the three ALDH sequences display the residues implicated in the cofactor and catalytic binding cleft, and the functional catalytic residues directly involved in the catalytic reactions (Fig. 7) . Functional analysis of the three ALDH3 members shows a co-enzymatic and catalytic environment well conserved with residues that maintain these two functional clefts, including a W126 and H303 binding to NAD + phosphate, E153 interacting to pentose ring and F353 to nicotinic ring; a coenzyme -catalytic binding domain integrated by L189, T186, I207, Y199, K150, L132, A125, S152, W126, N127, E153, G200, N201, G181, V183, V148, N302, R306, H303, E350, E351, F353, and important amino acids involved in the catalytic reaction such as C257 and N201 ( Fig. 7A and 7C ). Based in the distance from the cofactor to the C257, the residue E may be the functional one, where the putative mechanism for this ALDH would consist in the activation of C257 by a base (possibly N201), starting a nucleophilic attack on the carbonyl carbon of the aldehyde (Fig. 7B ). N201 is in charge of the correct positioning of the polar aldehyde head group in order to liberate a hydride ion, which in turn is transferred to NAD. Finally, a water molecule transfers a proton to initiate a nucleophilic attack on the carbonyl carbon of the covalently bound substrate. Thus, an oxyanion breaks the thio-hemiacetal bond and releases the product (Lloyd et al., 2007) . Catalytic residues are highlighted in red (C257) and blue (N201) colours. Residues involved in the coenzyme binding cleft are highlighted in green colour. All these residues are 100% conserved between these three members of the ALDH3 superfamily. (B) Distribution of the NADH cofactor and the spatial distribution of the residues that integrate the cofactor-substrate binding cleft (green colour) and integrated in the carton representation of the XP_004502485 ALDH3 structure. Residues are depicted as stick and green coloured and red/blue colours the catalytic residues. A Detailed representation of the amino acids interacting with NADH corresponding to the catalytic residues C257 and N201. (C) Detailed view of the coenzyme-catalytic binding cleft and the spatial distribution of the residues involved in building the cleft. Residues are depicted as stick and coloured in green colour. Critical catalytic amino acids (C257 and N201) are highlighted in red and blue background, respectively. Two views rotated 180˚ around the x-axis are provided for the coenzymecatalytic binding cleft of the ALDH3 member XP_004502485.
Conclusions
1. Plants are continuously exposed to different types of abiotic and biotic stresses. Plant molecular responses induce the generation of reactive oxygen species, which will in turn interfere with cell structure and metabolic balance in cells. To protect themselves, plants produce stress-responsive proteins, such as ALDHs that contribute to aldehyde homeostasis as scavengers to eliminate toxic aldehydes.
2. In the present study, performing a series of comprehensive analyses including chickpea genome analysis, ALDH genes identification and naming, comparative phylogeny, ALDH genes expression profiles assessment and structure-based functional analysis, we identified 27 unique ALDH sequences in the chickpea genome.
3. Most of the sequences were originated from duplication events. Chickpea exhibits a remarkable expansion in the ALDH3 family, showing the largest number of members compared to any other plant species described so far. 4. The expression results give consistent support in the functional roles of the ALDH genes, mostly being involved in responses to desiccation and drought conditions, but also responses to biotic stress. Furthermore, the expression data revealed that some of the duplicated members in a group exhibited different expression patterns, suggesting that functional diversification is a feature in the evolution of these genes.
5. The modelling of some ALDH3 family members on the basis of crystallographic protein structures provided insights into the relationship between interactive surfaces and the ALDH catalytic domains; setting structural features of binding pockets and the specificity of cofactor NAD and substrate within a particular family of ALDH.
6. Based on expression data support and close phylogenetic relationships with other wellcharacterized proteins, some chickpea ALDHs (such as LOC101510937) are good candidates for further characterization. These candidates may become targets for improving chickpea adaptation to adverse environmental or biotic stresses in the breeding program. Furthermore, our study also provides a foundation for further comparative genomic analyses and a framework to trace the dynamic evolution of the ALDH superfamily.
Declaration of Interest
